ABSTRACT: This study explored whether Crassostrea gigas oysters can be used as a bioindicator of white spot syndrome virus (WSSV) in shrimp farm water canals. Bioassays showed that C. gigas can accumulate WSSV in their gills and digestive glands but do not become infected, either by exposure to seawater containing WSSV or by cohabitation with infected shrimp. The use of a WSSV nested PCR to screen oysters placed in water canals at the entry of a shrimp farm allowed WSSV to be detected 16 d prior to the disease occurring. The finding that C. gigas can concentrate small amounts of WSSV present in seawater without being harmed makes it an ideal sentinel species at shrimp farms.
INTRODUCTION
In Mexico, shrimp farming is the most economically important aquaculture sector with production exceeding 130 000 t in 2009 (Comisión Nacional de Acuacultura y Pesca 2009). However, this industry is plagued by white spot syndrome virus (WSSV) which causes a high number of mortalities and substantial economic losses. WSSV has a wide host range including salt and brackish water shrimp species as well as crabs, lobsters, crayfish and freshwater shrimp (Chang et al. 1998 , Rajendran et al. 1999 , Chen et al. 2000 , Huang et al. 2001 , Hameed et al. 2003 . There is no clear understanding of the mechanisms that lead to epizootic events, and routine water analyses provide shrimp farmers with no information on the presence of WSSV to initiate measures to restrict its impact. In aquaculture ponds, infection can lead to 100% shrimp mortality within 3 to 10 d after the appearance of the first clinical signs of white spot disease (WSD) (EscobedoBonilla et al. 2008 ) and currently there are no effective treatments. Once WSSV enters a pond, it can spread rapidly and uncontrollably (Sánchez-Martínez et al. 2007) . Thus the only means of minimizing the impact of WSD is to restrict or reduce virus entry into ponds (Sritunyalucksana et al. 2006) . Waterborne transmission of WSSV infection is an important disease factor in both natural and culture environments (Chou et al. 1998 , Corsin et al. 2005 , and virus particles have recently been shown to be able to associate with various micro-, nano-and picoplankton species (Esparza-Leal et al. 2009) .
As filter-feeding sedentary organisms, bivalve molluscs can retain and/or accumulate virus particles from food or water in their gills and digestive system (Sobsey & Jaykus 1991) . Because of this, they have long been used as environmental biomonitors to detect waterborne chemicals and metals (Claisse 1989 , Kwan et al. 2003 , as well as bacteria, parasites and viruses impacting humans (Miller et al. 2005) . Previously, we reported the presence of WSSV in the gills and digestive glands of Crassostrea gigas oys-ters placed in water supply canals at a farm where a WSD outbreak had occurred (Vazquez-Boucard et al. 2010) . Here, oysters were investigated for their potential use as an early warning bioindicator of WSSV in shrimp farm water inlets. Before examining the use of C. gigas oysters at a local shrimp farm, laboratory bioassays were performed to confirm their ability to accumulate WSSV and insusceptibility to infection and disease.
MATERIALS AND METHODS

Virus inoculum
Abdominal tissue of WSSV-infected Litopenaeus vannamei shrimp was homogenized with phosphatebuffered saline (PBS, pH 7.4, 1:10 v/v) and clarified at 3500 × g for 20 min at 4°C. The supernatant was transferred to a clean tube and clarified further at 13 000 × g for 20 min at 4°C. This highly clarified supernatant was then filtered through a 0.2 µm membrane filter and serial 10-fold dilutions (10 ) were prepared in PBS. Aliquots (50 µl) of each dilution were injected into tail muscle of 5 L. vannamei weighing 40 ± 4 g (mean ± SE). Prior to inoculation, haemolymph collected from several shrimp was tested by PCR to confirm the absence of WSSV infection. Individual shrimp were held in 10 l tanks containing aerated sea water at 27 ± 1°C and 35 g l −1 salinity and ob served every 12 h; any dead or moribund shrimp were removed and frozen at −80°C. At Day 5 post-injection (p.i.), muscle tissue from all stored moribund and dead shrimp was tested for WSSV using a nested PCR. The virus infection dose 50% endpoint (ID 50 ) was calculated using the method of Reed & Muench (1938) , as adapted by EscobedoBonilla et al. (2005) for WSSV in Litopenaeus vannamei, and was expressed per ml of filtrate. Briefly, the percent mortality (M ) was determined at each inoculum dilution and the proportional distance (50% − M b )/(M a − M b ) was calculated using the mortalities at the dilutions directly above (a) and below (b) the 50% mortality point. The proportional distance was then added to the log 10 of Dilution b in order to derive ID 50 ml −1 for the inoculum following correction for the injection of a 50 µl volume.
Infection bioassays
To determine whether Crassostrea gigas is susceptible to WSSV infection, (1) WSSV-free oysters and Litopenaeus vannamei were immersed in water to which WSSV inoculum had been added and (2) WSSV-free oysters were placed in tanks containing WSSV-infected L. vannamei. Shrimp were obtained from a hatchery located in Sinaloa, Mexico, and oysters were obtained from a farm on the Pacific coast of the state of Baja California Sur, Mexico, a region free of WSSV. Bioassays were carried out at the Centro Interdisciplinario de Investigación para el Desarrollo Integral Regional in Sinaloa. WSSV inoculum doses of 30 and 4 ID 50 were used. According to EscobedoBonilla et al. (2006) , 30 ID 50 is considered a standard dose to infect shrimp by intramuscular and oral routes. Thus, 4 ID 50 was estimated to be a low infectious dose.
Bioassay 1 WSSV-free Crassostrea gigas (n = 27) measuring 13 ± 2 cm in diameter were acclimated to laboratory tank conditions for 1 mo and then divided into 3 tanks (12 l each) filled with artificial seawater (salinity 35 g l −1
) at 28 ± 2°C. WSSV inoculum (4 ID 50 ) was added to the water of Tanks 1 and 2 but not Tank 3. In another tank, 12 Litopenaeus vannamei weighing 2 ± 0.1 g were immersed in water containing WSSV inoculum (4 ID 50 ). Oysters and shrimp were fed Isochrysis galbana at the beginning of the trial and every 24 h thereafter. At 24, 48 and 72 h, 3 oysters were collected from each tank, from which gill and digestive gland tissue were extracted and then preserved in 70% ethanol for PCR analysis. Additional gill fragments were fixed in either 10% formaldehyde or Davidson's solution for in situ hybridization and histology, respectively. At the end of the trial, muscle from all shrimp was collected and preserved in 70% ethanol.
Bioassay 2
Litopenaeus vannamei (n = 6 per tank; 40 ± 3 g) were injected intramuscularly with 50 µl WSSV at a dose of 30 ID 50 and placed in 3 tanks employing the same water conditions as used in Bioassay 1. WSSVfree Crassostrea gigas (n = 9 per tank) were placed into 2 of the 3 tanks containing L. vannamei injected with WSSV. Dead shrimp were collected every 12 h and muscle tissue was preserved in 70% ethanol. Gill and digestive gland tissue were collected from 2 oysters sampled from each tank at 24, 36, 48 and 60 h and from the remaining oyster in each tank at 72 h, all of which were preserved in 70% ethanol.
Oyster sentinel system for WSSV at a shrimp farm WSSV-free Crassostrea gigas oysters obtained from a farm in Baja California Sur State were transported to Centro de Investigaciones Biológicas del Noroeste (CIBNOR). Immediately upon arrival, oysters were rinsed and depurated over a 10 d period in tanks supplied continuously with filtered seawater. The oysters were then relocated to a water supply canal at a shrimp farm located in El Dorado, Sinaloa, Mexico, where WSD outbreaks occur frequently. Oysters (n = 720) were housed inside 3 modules of 3 plastic boxes containing 80 individuals each. Oysters (n = 20) were sampled randomly from the 3 modules every 2 d beginning on Day 6 after submersion in the water supply canal. Oysters were sampled 28 times between 23 March and 25 May 2010 and were transported frozen at −20°C to CIBNOR and the Universidad Autónoma de Nayarit for WSSV nested PCR analysis. One oyster stored upon receipt at CIBNOR and another stored prior to being relocated to the shrimp farm at Sinaloa were used as nested PCR negative controls.
WSSV nested PCR
Total DNA was extracted using the commercial GeneClean II Kit (QBiogene) and amplified by PCR and then a nested PCR using primers described previously (Kimura et al. 1996) . Briefly, each PCR (25 µl) contained 0.2 mM dNTP mixture, 2 mM MgCl 2 , 0.4 pmol of each WSSV out-1/out-2 primer, 1.25 U Taq DNA polymerase (Invitrogen) and 100 ng DNA. Nested PCR used the same reaction conditions except for the use of the nested primers WSSV in-1/ in-2 and 1 µl PCR as template. Thermal cycling conditions for both PCRs were 95°C for 4 min, 35 cy cles of 95°C for 30 s, 55°C for 30 s, and 72°C for 90 s, followed by 72°C for 5 min. Each PCR batch included a known WSSV-positive DNA and sterile water as a negative control. Amplicon sizes expected in the PCR and nested PCR were 982 bp and 570 bp, respectively. An aliquot of each nested PCR was subjected to a 1% agarose gel electrophoresis containing ethidium bromide and DNA bands were visualized using a UV transilluminator and photographed. Some nested PCR products were sequenced.
Histology
Histology was performed using standard methods (Lightner 1996) . Gill tissue of Crassostrea gigas was sectioned into 3−5 µm slices, mounted onto glass slides and stained using haematoxylin and eosin (H&E) (Luna 1968) . As described in other crustaceans (Un zu eta Bustamante et al. 2004) , the presence of prominent eo sino philic inclusion bodies in hypertrophied nuclei of cells was used as a WSSV-infection criterion.
In situ hybridization
Crassostrea gigas gill tissue was analyzed for WSSV DNA using an in situ hybridization (ISH) method described previously (Le Roux et al. 1999) . A digoxigenin (DIG)-labeled WSSV DNA probe was prepared by labeling a 570 bp nested PCR product using random primers and digoxigenindUTP as described in the instructions for a DIG DNA Labeling and Detection Kit (Roche Molecular Biochemicals). Tissue sections mounted on polyprep slides (Sigma-Aldrich) were deparaffinized with xylene, rehydrated through a graded series of alcohol concentrations, immersed in PBS pH 7.3 and incubated at 37°C for 15 min in PBS containing 10 µg ml −1 Proteinase K. After washing twice in PBS, tissue was immersed under 100 µl hybridization solution (DIG DNA Kit locking solution in 0.1 M maleic acid, 0.15 M NaCl, pH 7.5) containing 3 µl probe and incubated at 42°C overnight in a humidity chamber. After washes the slides were observed under a light microscope (Leica Olympus BX41).
RESULTS
Titration of the WSSV inoculum
Amongst groups of Litopenaeus vannamei shrimp injected with serial 10-fold dilutions of WSSV inoculum, lethargy and abnormal swimming, typical of early signs of WSD, were observed at 48 h p.i. in shrimp injected at the highest dose (10 −2 dilution). At 60 h p.i., all shrimp injected with 10 −2 and 10 −3 inoculum dilutions had died, and by Day 5 p.i. 80% of the shrimp injected with the 10 −4 dilution had died. PCR analysis confirmed the presence of WSSV DNA in the muscle tissue of shrimp that died. Shrimp in jec ted with 10 −5 , 10 −6 and 10 −7 inoculum dilutions showed no signs of infection. Based on the bioassay data, the WSSV inoculum infectious dose 50% endpoint was calculated to be 10 5.7 ID 50 ml −1 .
Exposure of oysters to waterborne WSSV (Bioassay 1)
Amongst Crassostrea gigas oysters immersed in sea water containing 4 ID 50 ml −1 of WSSV inoculum for 72 h, WSSV DNA was detected by nested PCR in gills of 7 (39%) of the 18 oysters and in digestive glands of 8 (44%) of the same 18 oysters (Fig. 1) . In only 2 oysters was WSSV DNA de tected in both gill and digestive gland tissue and none displayed any clinical signs of being infected. The gills and digestive glands of all 9 oysters not exposed to WSSV tested negative by PCR (data not shown). None of the Litopenaeus vannamei shrimp exposed to the same dose of WSSV died or displayed clinical signs of WSD and no WSSV DNA was detected in muscle tissue by nested PCR (data not shown).
Cohabitation of oysters with WSSV-infected shrimp (Bioassay 2)
Amongst the Crassostrea gigas oysters cohabitating with WSSV-infected Litopenaeus vannamei shrimp and sampled progressively over a 3 d period, WSSV DNA was detected by nested PCR in gills of 4 (22%) of 18 oysters and in digestive glands of 3 (17%) of these same 18 oysters. All the shrimp had died by 60 h p.i. and all tested positive for WSSV by nested PCR.
WSSV detection in sentinel oysters placed at a shrimp farm
Crassostrea gigas oysters were placed in a water intake canal at a Litopenaeus vannamei shrimp farm in a region of Mexico prone to WSD outbreaks. Among groups of 20 oysters sampled randomly on 28 occasions over a 54 d period between 23 March and 25 May 2010, only oysters sampled on 3, 6 and 8 April were found to be positive for WSSV by nested PCR at prevalence rates of 15, 20 and 55%, res pectively (Table 1) . Sequence ana lysis of the 485 bp nested PCR products showed 99% nucleotide identity with WSSV types originating from shrimp farmed in Thailand (GenBank AF369029), China (GenBank NC003225) and Taiwan (GenBank AF440570) as well as with a WSSV type detected in plankton collected from a shrimp farm in Guasave Sinaloa (GenBank FJ609650) and in shrimp sampled previously from the same study region (GenBank FJ789570; Peinado-Guevara & López-Meyer 2006). During the study period on 19 April, a WSD outbreak causing 50% shrimp mortality occurred at the farm being studied (J. Cabanillas, Comité de Sanidad Acuícola de Sinaloa pers. comm.).
Histology and in situ hybridization (ISH)
Histology on gills of Crassostrea gigas oysters exposed to water con- Table 1 . Crassostrea gigas. Gill and digestive gland tissues of oysters that tested positive by nested PCR out of the total number of oysters sampled for white spot syndrome virus after being placed in a water supply canal at a shrimp farm situated in El Dorado, Sinaloa, Mexico, in 2010. Groups of 20 oysters were sampled every second day during the sampling dates shown taining WSSV (Bioassay 1) for 3 d found no evidence of hypertrophied cell nuclei or WSSV inclusion bodies. However, high levels of ISH signal were evident in gills of oysters also found to be positive for WSSV by nested PCR (Fig. 2) . The ISH signal was localized to the lumen of the gills rather than occurring at intracellular locations. No ISH signal was de tec ted amongst exposed oysters that tested negative by nested PCR or amongst non-exposed control oysters (data not shown).
DISCUSSION
Due to bivalve molluscs being sedentary filterfeeders, they have been used effectively as aquatic bioindicators of waterborne fecal bacteria and viruses of human concern (Miller et al. 2005 , Neira et al. 2010 . This study validated the po tential usefulness of Crassostrea gi gas oysters as sentinels for detecting entry of waterborne WSSV into shrimp farms in Mexico. WSSV accumulated in oyster gills as it did in transmission trials, and demon stra ted that C. gigas is refractory to WSSV infection. The number of WSSV particles captured from water and accumulated in the gills and digestive glands of oysters was low and found to be harmless for shrimp in cohabitation trials. The finding that oysters can concentrate WSSV particles is not unexpected due to their ability to filter large volumes of water (FAO 2011) . Their value to shrimp farmers as a sentinel in intake water canals was confirmed by WSSV being detected by nested PCR in some oysters 16 d prior to a WSD outbreak occurring in ponds. Such early warning of possible WSSV entry into farms via intake water will provide farmers and managers with the time needed to take appropriate actions to avoid an epizootic event or to harvest shrimp before mortalities occur. Durations between when WSSV is de tec ted in sentinel oysters and when WSD occurs could depend on many factors including shrimp immune status and environmental parameters such as salinity and temperature being more or less conducive to disease (Jimenez et al. 2000) . Whether C. gigas has the potential to serve as a mechanical carrier of WSSV, as reported for polychaete worms (Vijayan et al. 2005) that are capable of transmitting infection to shrimp when ingested, was not investigated. Histology and in situ hybridization on gills of Crassostrea gigas showed WSSV to accumulate in the absence of infection. The virus was abundant in the filament surface of gills but there was no evidence of inclusion bodies or WSSV DNA in epithelial and connective cells, suggesting that they lack receptors needed for virus entry. These findings agree with recent reports showing that other bivalve molluscs such as the clam Meretrix lusoria are not susceptible to WSSV infection (Chang et al. 2011) . The accumulation of virus particles in the absence of infection has been observed previously in molluscs exposed to certain human viruses, with oyster depuration treatments not eliminating them (Mortensen 1993 , Lees 2000 , Nappier et al. 2008 .
The mechanisms by which potentially pathogenic agents are accumulated by and eliminated from bivalve molluscs can vary according to species and the type of microorganism (Chang et al. 2011) . However, since water and/or particles in shrimp ponds can disperse WSSV (Esparza Leal et al. 2009 ) and given that virus particles can attach to microalgae and/or zooplankton and plankton constituents , Zhang et al. 2007 , they could adhere to the branchial mucus in Crassostrea gigas by ionic bonding, as suggested by Di Girolamo et al. (1977) . The virus would then travel to the digestive gland and attach to the digestive ducts via specific carbohydrate structures (Sobsey & Jaykus 1991 , Le Guyader et al. 2006 . According to the mechanism described by Hay & Scotti (1986) , the fact that virus particles can adhere strongly to microalgae could prevent the oyster from eliminating these with pseudofeces when selecting its food. Future studies on C. gigas will be needed to determine the WSSV particle retention mechanisms.
The data reported here confirm that Crassostrea gigas oysters can accumulate WSSV particles in their gills and digestive glands though either direct filterfeeding or filter-feeding of plankton to which WSSV particles have attached. Moreover, as oysters are refractive to WSSV infection, they represent an ideal sentinel species for warning of the presence of WSSV in shrimp farm intake water. 
